Formation of Nanocomposites by Oxidizing Annealing of SiO x and SiO x <Er,F> Films: Ellipsometry and FTIR Analysis by Mykola V Sopinskyy et al.
Sopinskyy et al. Nanoscale Research Letters  (2015) 10:232 
DOI 10.1186/s11671-015-0933-0NANO EXPRESS Open AccessFormation of Nanocomposites by Oxidizing
Annealing of SiOx and SiOx<Er,F> Films:
Ellipsometry and FTIR Analysis
Mykola V Sopinskyy*, Natalya A Vlasenko, Igor P Lisovskyy, Sergii O Zlobin, Zinoviia F Tsybrii and Lyudmyla I VeliguraAbstract
The structural-phase transformations induced by air annealing of SiOx and SiOx < Er,F > films were studied by the
combined use of infrared spectroscopy and ellipsometry. The films were prepared using vacuum evaporation of
SiO powder and co-evaporation of SiO and ErF3 powders. The annealing took place at moderate temperatures
(750 and 1000 °C). It was found that the micro- and macrostructure of the annealed films is similar to the structure of the
Si–SiOx nanocomposites obtained by annealing SiOx in vacuum or inert atmosphere and subjected to post-annealing in
oxidizing atmosphere. This proves that the phase separation in the non-stoichiometric SiOx films proceeds much faster
than their oxidation. The results of the work point at a possibility to simplify the annealing technology by replacing the
two-step annealing with one-step in the oxygen-containing environment while maintaining the positive effects.
The differences in the structure of the nanocomposites obtained by annealing the SiOx and SiOx < Er,F > films are
explained by the action of Er centers as the promoters for SiOx disproportionation, as well as the enhanced action
of F on the processes of disorder-to-order transition and crystallization in amorphous silicon.
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Thin-film nanocomposites consisting of crystalline and
amorphous Si nanoparticles embedded in silicon oxide
layers have been actively studied during the last two
decades as suitable materials for non-volatile memory
devices, third generation of photovoltaic, and other applica-
tions. An undiminishing interest in such composites (in-
cluding those doped with Er) continues because of the
possibility to fabricate Si-based light-emitting sources for
optoelectronic devices [1, 2].
One of the most widespread methods to produce these
composites is the thermally stimulated phase separation in
non-stoichiometric silicon oxide films (SiOx, x < 2). Such a
process has been studied in detail [1]; however, the investi-
gations were mainly concerned with the study of structural-
phase transformations caused by thermal annealing of SiOx
films in vacuum or in inert atmosphere. At the same time,* Correspondence: sopinsky@isp.kiev.ua
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in any medium, provided the original work is pa number of studies examined the possibility to improve
the performance of nanocomposite films by additional heat
treatments in the oxygen environment [3–7]. It was shown,
in particular, that such a post-annealing (including that in
air atmosphere [6]) allows to increase the luminescence ef-
ficiency due to good passivation of silicon dangling bonds
on the surface of nanoparticles with oxygen atoms [3–6]
and the elimination of some active impurities (like hydro-
gen), which may be the reason of device instability under
some circumstances (elevated temperatures, irradiation,
etc.). Moreover, oxidation makes it possible to reduce the
size of nanoparticles, changing to some extent the spectrum
of their light emission. The processes of silicon nanoparticle
formation and oxidation may be superimposed if silicon
oxide films are subjected to high-temperature treatment in
oxygen-containing environment. In that way, it is possible
to move from the two-step to one-step technology. How-
ever, such a method requires careful study, taking into ac-
count the fact that the phase separation in SiOx films and
their oxidation are competing processes [8].is an Open Access article distributed under the terms of the Creative Commons
g/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
roperly credited.
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using high-temperature thermal treatments of SiOx and
SiOx < Er,F > films in the air [9]. The presence of silicon
nanoparticles (both amorphous and crystalline) in them
has been confirmed by Raman spectroscopy [9, 10]. The
detailed data both on silicon inclusions and oxide matrix
properties are necessary for subsequent performance
optimization of these nanostructures. Earlier, under in-
vestigation of SiOx films annealed in vacuum [11], it was
shown that the combination of infrared spectroscopy
and ellipsometry can provide available information on
the composition, homogeneity, and structural arrange-
ment of the matrix as well as Si volume fraction and the
morphology of Si nanoparticles. Hence, the purpose of
this paper is to spread such an approach onto investiga-
tion of SiOx and SiOx < Er,F > films exposed to heat
treatment in the air at the temperatures of 750 and
1000 °C.
Methods
SiOx and SiOx < Er,F > films for the ellipsometric
and Fourier transform infrared spectroscopy (FTIR)
characterization were deposited on both side polished c-Si
(2 × 2 cm2) substrates using evaporation of SiO powder
(Cerac Inc., purity of 99.9 %) and co-evaporation of SiO
and ErF3 powders, respectively, in 10
−3 Pa vacuum. At the
same time, the films were deposited on both side polished
(2 × 2 cm2) silica substrates. It allows to estimate the
value of the absorption index of the films at wave-
length λ = 632.8 nm from the measurements of the
transmission spectra in the visible and near-IR range
of spectrum. (The detailed consideration of the trans-
mission spectra for the deposited and annealed films
will be reported separately).
Due to oxidation effect in residual gas (molecules of
water vapor, oxygen, carbon monoxide, carbon dioxide,
etc.), the value of stoichiometry index (x) in the as-
deposited films was larger than that in the evaporated ma-
terial and was about 1.4. ErF3 concentration was ~1 mol %.
To produce uniform thickness of as-deposited film over
the surface of all the substrates, they were placed on a
carousel rotating at 30 rpm. The average deposition rate
was ~0.6 nm/s. The thickness value of the as-deposited
films was ~1 μm. To provide a better adhesion during de-
position, the substrate was heated—its temperature was
maintained at 150 °C. After deposition, the samples were
subjected to 1-h annealing in air at temperature Тan = 750
and 1000 °C.
Infrared spectra of the SiOx/Si and SiOx < Er,F>/Si sam-
ples were measured using single-beam FTIR PerkinElmer
Spectrum BXII spectrometer working in the transmission
mode at the normal incidence. The accuracy of the wave
number value determination was ~0.5 cm−1. The accuracy
of IR intensity measurements within the region of Si–Oabsorption band was about ±1 %. To avoid the influence
of silicon substrate and native oxide layer during measure-
ments, the part of substrate was used as reference sample,
i.e., the absorbance spectra of the oxide films under inves-
tigation were obtained by subtracting the absorbance
spectrum of the reference sample from the total signal.
Additionally, the baselines of the resulting spectra have
been corrected. To minimize an influence of atmosphere,
all FTIR measurements have been carried out in dessi-
cated atmosphere with low content of water vapor; the
measurement of the reference Si substrate sample
spectrum was carried out immediately after the measure-
ment of the spectrum of each film/Si sample. The main
absorption band for SiOx corresponding to the asymmet-
ric stretching vibrations of the bridging oxygen atoms
(maximum position lies within the range of ~1000–
1100 cm−1 depending on the oxygen content) has been in-
vestigated. This band was deconvoluted into Gaussian
profiles, whose maximum positions are connected with a
certain type of oxygen atom structural arrangement in the
oxide network, i.e., with Si–Oy–Si4 − y (1 ≤ y ≤ 4) molecular
complexes (in the case of SiOx matrix) or with different
kinds of SiO4 tetrahedra rings (in the case of SiO2 matrix).
The existence of such a bulk structural component is pos-
tulated by random bonding model (RBM). Their portion
has been experimentally estimated using the intensity of
corresponding IR spectra contributions according to the
approach that was previously suggested [12, 13]. The pur-
pose of the analysis was to establish the changes in the con-
tent of structural components as the result of annealing.
The accuracy of the deconvolution procedure was charac-
terized by the standard deviation of the Gaussian sum from
the experimental curve. In our experiments, this deviation
did not exceed 10−2.
The films were also analyzed by monochromatic multi-
angle ellipsometry (λ = 632.8 nm) using LEF-3 M-1 ellips-
ometer and in-house developed software modeling optical
characteristics of thin-film structures (including sharp or
smooth optical non-uniformity over depth and anisotropy)
[14, 15]. The determination of quantitative values for the
parameters that characterize these properties was achieved
by solving the inverse task of ellipsometry (ITE): the true
values of models’ parameters were assumed to be the ones
minimizing the mean squared error (MSE):
MSE ¼
X
Ψ exp φ0ið Þ–Ψmod φ0ið Þ
 2 þ Δexp φ0ið Þ–Δmod φ0ið Þ
 2h i
;
where Ψexp(φ0i) and Δ
exp(φ0i) are experimentally mea-
sured values of polarization angles Ψ and Δ, respectively,
for 11 incidence angles φ0i from the range of 45°–70°
and Ψmod(φ0i) and Δ
mod(φ0i) are calculated for the same
incidence angles using the adopted model. Besides the
minimum of MSE, the important model adequacy evalu-
ation is the physical basis of the obtained solution,
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model, and the match of the absorption index values ob-
tained ellipsometrically and photometrically.
As it will be seen below, when presenting the results
of the simulation, we used single-layer and two-layer
models with the following types of layers:
– Isotropic uniform transparent layer (IUTL) with n, h.
– Isotropic uniform absorbing layer (IUAL) with n, k, h.
– Uniaxially anisotropic uniform absorbing layer
(UAUAL) with no, ne, ko, ke, h.
– Isotropic linearly non-uniform transparent layer
(ILNUTL) with nb, nt, h.
– Isotropic linearly non-uniform absorbing layer
(ILNUAL) with nb, nt, kb, kt, h.
– Uniaxially anisotropic linearly non-uniform transparent
layer (UALNUTL) with nob, neb, not, net, h. Here, h is
the layer thickness and n and k are the refractive and
absorption indexes, respectively. Lower subscript letters
denote the following: o, ordinary; e, extraordinary; b,
bottom; and t, top. The numbering of the layers is from
the substrate.
Results
The main transmission band of the deposited SiOx and
SiOx < Er,F > films had the typical shape with the mini-
mum at νM ≈ 1040 cm
−1 (Fig. 1). This value allowed us
to estimate the value of stoichiometry index to be х ≈
1.45 [16]. Deconvolution of the absorbance band and
its analysis showed that the structure of initial oxides is
described as a mixture of silicon-oxygen molecular
complexes Si–Oy–Si4 − y (1 ≤ y ≤ 4) (Fig. 2). Also, theFig. 1 IR transmission spectra of the as-deposited and air-annealed SiOx anSiH hydrides are present in the oxide network, mainly
in the form of О3–Si–Н and O2–Si–H2 or O–Si2–H2
complexes [17]. It is confirmed by the presence of ab-
sorption bands at ~876, ~2155, and ~2255 сm−1
(Fig. 1).
When solving the ITE for every sample, we started with
the simplest model, the IUTL model, which is character-
ized by two parameters, the refractive index n and the
thickness h. For the as-deposited SiOx film, the IUTL
model gives:
MSEmin = 12.78 deg
2 at n = 1.712, h = 1040.4 nm.
The three-parametric models give:
MSEmin = 7.69 deg
2 at nb =1.6144, nt =1.769, h = 1055 nm;
MSEmin = 2.45 deg
2 at n= 1.708, k=−0.0021, h = 1043 nm;
MSEmin = 0.71 deg
2 at no = 1.7178, ne/no = 1.011,
h = 1030 nm.
From the consideration of the four simplest models,
we can already conclude that the most appropriate
model for the as-deposited SiOx film is the model of an-
isotropic layer. This is also confirmed by the expansion
of both non-uniform and anisotropic models by includ-
ing the absorption. In the frameworks of these five-
parametric models, the following are obtained:
MSEmin = 0.30 deg
2 at nb =1.821, nt =1.635, kb = 0.0065,
kt = −0.0143 (kav = −0.004), h = 1027 nm.
MSEmin = 0.0794 deg
2 at no = 1.706, ne/no = 1.0065,
kо = −0.002, kе = 0.003 (kav = −0.0003), h = 1027 nm.d SiOx < Er,F > films
Fig. 2 The contribution of the sub-bands corresponding to different structural complexes into the main Si–O absorption band for the as-deposited
and air-annealed SiOx and SiOx < Er,F > films
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deposited SiOx film from the measurements of the
transmission spectra in the visible and near-IR range of
the spectrum. It is seen that the value of the absorption
coefficient for the latter model is closer to the photo-
metrically measured one. The fact that ko has negative
(although very small) value indicates an incomplete ad-
equacy of the UAUAL model. This means that not all
the factors affecting the optical response of the “silicon
substrate–as-deposited SiOx film” sample are taken into
account. Apparently, the in-depth non-uniformity of
the film also makes a certain contribution to its optical re-
sponse. Nevertheless, the difference from the kо photo-
metric value is only ≈ 0.004, which should be considered
as rather decent match.
The same algorithm of solving ITE has shown that the
as-deposited SiOx < Er,F > film is well described by the
UAUAL model at no = 1.664, ne/no = 1.0084, ko = 0.002,
ke = 0.006, h = 1035 nm (the value kо = 0.0024 has been
obtained for this film from photometric measurements).
The UAUAL model shows both the positive birefrin-
gence (ne > no) and positive dichroism (ke > ko) both in
the as-deposited SiOx and SiOx < Er,F > films. Positive
optical anisotropy (ne > no) in films is often associated
with the columnar porous structure with the preferred
orientation of columns and pores along the normal to
the substrate [18].
Thermal treatments of the films in the air at the Tan of
750 and 1000 °C led to substantial change in their com-
position and structure. First, in the FTIR spectra, the
peaks connected with hydrogen disappeared (Fig. 1), most
likely because of hydrogen desorption from the films. Sec-
ond, the new band at ~810 cm−1 appeared (Fig. 1). Third,
Si–O absorption band has shifted to high-frequencyregion, and its intensity and shape have remarkably chan-
ged (Fig. 1). The degree of the changes depends on both
the temperature and the presence of Er and F impurities.
The presence of impurities enhances the decrease of Si–O
absorption band width at half maximum and the shift of
the absorption maximum position as the result of anneal-
ing. This influence is not random but monotonic, being
especially pronounced for samples annealed at 1000 °C. Fi-
nally, the treated films cannot be satisfactorily described
by any single-layer ellipsometric model.
After annealing at 750 °С, the shift of the main Si–O
absorption band was significant and became stronger in
the presence of impurity (compare the values of νM ≈
1076 cm−1 and νM ≈ 1086 cm
−1 for annealed non-doped
and doped oxides, respectively). These values of νM
make it possible to conclude [16] that such treatment re-
sults in the average stoichiometry index value of “pure”
oxide ~1.92, whereas in the presence of Er and F, this
value was 2.0. At the same time on the spectra of both
kinds of annealed films, the peak at ~810 cm−1 appeared.
This band is usually connected with stretching symmet-
rical vibrations of oxygen atoms in silicon dioxide net-
work [16, 19]. These facts enabled us to conclude that,
due to annealing at 750 °C, a SiO2 phase is formed. In
fact, the mathematical analysis of the main band shape
showed that in the network of undoped oxide Si–O3–Si
complexes are present along with SiO4 tetrahedra
(Fig. 2). The network of the doped oxide consisted of
only SiO4 tetrahedra. However, in both cases, SiO4 tetra-
hedra were interconnected in four- and sixfold rings
(Fig. 2).
For the SiOx < Er,F > film, both the IUAL–IUTL and the
IUAL–ILNUAL five-parametric models provide almost
the same and rather high simulation accuracy:
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2 at n1 = 1.876, k1 = 0.0052,
n2 = 1.573, h1 = 858 nm, h2 = 44 nm.
MSEmin = 0.1035 deg
2 at n1 = n2b = 1.881, n2t = 1.439,
k1 = k2b = 0.0045, k2t = 0, h1 = 836 nm, h2 = 64 nm.
This shows that the actual structure of the film corre-
sponds to even more complicated model in which the re-
fractive index value is ≈ 1.88 in the bulk of the film and
decreases on the sigmoidal law from 1.88 at the ≈ 65-nm
depths to ≈ 1.50 at the surface. Adequate description of
the SiOx film was obtained in the framework of the
six-parametric ILNUAL–IUTL model at n1b = 1.7355,
n1t = 1.687, k1b = k1t = 0.0070, n2 = 1.458, h1 = 896 nm,
and h2 = 97 nm.
After heat treatment at 1000 °С, the band shift was
more significant than in the case of annealing at 750 °C
(Fig. 1). This shift was more pronounced for the doped
film so the value of νM became ~1094 and ~1098 сm
−1
for the annealed undoped and doped films, respectively.
Besides, predominant formation of sixfold SiO4 tetrahedra
rings was observed (Fig. 2). If one takes into account that
oxygen atoms oscillate in such rings with more frequen-
cies than in fourfold ones, such a band shift may be ex-
plained only by structural changes in the oxide network. It
should be also noted that the value of νM ≈ 1095 ± 5 сm
−1
is typical for thick (~1 μm) films of the thermally grown
silica in which the network namely sixfold rings of SiO4
tetrahedra dominate [12]. The 1000 °С annealed films are
described in the framework of the two-layer models with
the sharp boundary between the layers. For the SiOx <
Er,F > film, it is the UALNUTL–IUTL model at n1bo =
1.855, n1to = 1.787, n1eb/n1ob = n1et/n1ot = 1.002, n2 = 1.465,
h1 = 813 nm, and h2 = 113 nm. For the SiOx film, it is the
UAUAL–IUTL model at n1o = 1.684, n1e/n1o = 1.002,
k1 = 0.001, n2 = 1.472, h1 = 856 nm, and h2 = 157 nm. Small
anisotropy can be due to the difference in thermal expan-




When comparing the properties of the as-deposited
films, the attention is immediately drawn to the fact that,
while the stoichiometry index value in the SiOx and
SiOx < Er,F > films is almost the same, the latter film has
lower refractive index value. It is clear that this is due to
the peculiarities of its structure associated with the spe-
cifics of this film formation. The process of the SiOx <
Er,F > film formation has not been studied yet. Taking
into account the similarity of the erbium and terbium
fluorides’ thermodynamic properties [20], in order to
understand the structural features of the as-deposited
SiOx < Er,F > film, it is appropriate to reference the mass
spectroscopy data obtained during and after the depositionof SiOx < Tb,F > films by co-evaporation of silicon mon-
oxide and terbium fluoride [21, 22].
In the case of separate evaporation, the vapor over silicon
monoxide consisted of the Si atoms and SiO molecules; ter-
bium fluoride vapor had complex composition—Tb+, TbF+,
TbF2
+, TbF3
+, F+, and HF+ ions have been found [21, 22]. In
the case of co-evaporation of the monoxide and fluoride,
the vapor-phase mass spectra also indicated the presence of
SiF+, SiF2
+, and SiF3
+ ions. The exchange reactions took place
in the solid-state phase during the film formation on the
substrate as well. They provide the dissociation of TbF3
molecular complexes simultaneously with the Si–F and
Tb–O chemical bond formation. The above described pro-
cesses should decrease the stoichiometry index of the
matrix in the doped film.
Apparently, all of the above is applicable to the SiOx <
Er,F > films. Accordingly, in our SiOx < Er,F > films, Er and
F can be incorporated into the as-deposited film not only
in the form of ErF3 quasimolecular complexes but also in
other configurations. Apparently, the decrease in the re-
fractive index is caused by the influence of both fluorine
and erbium atoms on the oxide. It is known that the intro-
duction of fluorine leads to a less dense Si–O–Si network
in fluorinated silicon oxide films than in SiO2 films [23].
This results in their lower refractive index than that of
SiO2. The authors in [24] found the correlation between
nanocrystal density, size, and the Er concentration in the
300–1300 °C annealed SiOx < Er > films. This finding can
be explained by considering Er as promoter for SiOx dis-
proportionation. Since oxygen shows the higher affinity
for Er compared to Si, Er centers scavenge mobile oxygen
atoms, thereby locally enhancing SiOx disproportionation
and consequently promoting Si nucleation near Er centers.
In our case, such processes begin to appear during the
formation of the SiOx < Er,F > film on the substrate
heated to 150 °C. The presence of the initial stage of
phase separation in the SiOx < Er,F > film is consistent
with the red absorption edge shift (≈0.2 eV) in com-
parison with the undoped film. In this case, both the
oxide matrix with higher stoichiometry index and the
very small (≤1 nm) silicon clusters with n ~ 1.5 [25]
formed in it have n values that are lower than the n
value of the original homogeneous oxide. Thus, the
concentration of silicon atoms that can form the silicon
phase during the subsequent high-temperature treatment
is higher in the as-deposited SiOx < Er,F > film.
Thermally Treated Films
To explain consistently the IR spectrometry and ellipsome-
try data for the heat-treated films, the following circum-
stances should be taken into account:
1. During thermal treatments on air (in the presence of
oxygen and water vapor) of SiOx films, two
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separation, which leads to the formation of Si
nanoinclusions embedded into SiOy (y > x) matrix,
and oxidation of silicon as well as silicon suboxide
phases.
2. The process of phase separation is very rapid
(seconds at 750 °C and less than 1 s at 1000 °C) [26]
and proceeds much faster than the process of
oxidation [27].
3. The process of oxidation should touch oxide matrix
more efficiently than silicon inclusion, because in
the latter case more Si–Si bonds (four per one
silicon atom) are transforming into Si–O bonds.
4. In the case of silicon inclusions, oxidation rate
decreases strongly when their size reduces [27, 28].
5. Annealing at 750 °C results in amorphous silicon
nanoinclusion formation, whereas at 1000 °C,
nanocrystalline phase dominates [29].
6. Er has direct beneficial impact on the conversion of
SiOx suboxide to elemental silicon and silica [24].
7. F enhances disorder-to-order transition in a-Si and
its crystallization rate [30–32].
8. Oxidation of less ordered silicon and silicon
suboxide is energetically more favorable because the
strain energy generated by oxygen incorporation in
the disordered material should be lower than the
incorporation for the ordered one [33].Fig. 3 Schematic representation of nanocomposite films, obtained by an
Тan = 1000 °C; c SiOx < Er,F>, Тan = 750 °C; d SiOx < Er,F>, Тan = 1000 °CHence, the following scenario of the processes taking
part under high-temperature heat treatment in the air
can be proposed.
750 °C. During the first few seconds of annealing, the
phase separation of SiOx takes place uniformly within the
film volume. It results in the formation of amorphous
nanoinclusions and the changes of oxide matrix stoichio-
metry—the stoichiometric index increases from ≈ 1.45
to ~1.7 (as data of heat treatments in pure argon had
testified [29]). The oxide matrix, as in the case of an-
nealing in argon, contains SiOSi3, SiO2Si2, SiO3Si, and
SiO4 molecular complexes.
Then, the oxidation of Si–Si bonds situated both on
the silicon inclusion surface and in the oxide matrix oc-
curs. The absence of the SiOSi3 and SiO2Si2 complexes
shows that during 1-h annealing the effect of atmos-
pheric oxygen is evident across the entire depth of the
film. The intensity of oxidation depends on the distance
from the film surface—it is much more pronounced
within the outer layer of the film. As a result, in the case
of the undoped oxide (Fig. 3a), the SiO2 layer free from
silicon nanoinclusions is formed near the film surface.
The deeper layer may be most likely represented as SiO2
matrix (SiO4 tetrahedra interconnecting in four- and
sixfold rings) with some addition of SiO3Si complexes.
In such a matrix, the nanoinclusions of amorphous sili-
con (na-Si) are embedded. Raman study confirmed thenealing of the as-deposited films in air. a SiOx, Тan = 750 °C; b SiOx,
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of SiOx film at 750 °C in air [9, 10]. For the deeper
layer, the n value slightly increases towards the sub-
strate which can be related to the increase in the
amount of the na-Si phase and SiO3Si complexes be-
cause of the weakening effect of oxygen when moving
from the surface into the bulk of the film.
In the case of the SiOx < Er,F > film, the processes oc-
curring under annealing are generally the same, but the
doping strongly influences on the outcome (Fig. 3b). It is
known that the SiOx films obtained by physical vapor
deposition exhibit some porosity. This is due to the
“soft” nature of the deposition process. Thermostimu-
lated phase separation of the films is accompanied by a
decrease in their porosity [11]. More pronounced densi-
fication of the annealed doped film is the first indication
of the more significant rearrangements of its structure.
According to the IR data, the matrix of the whole film is
transformed from the suboxide into the dioxide. At the
same time, the ellipsometry data testify that the dioxide
matrix of the inner and outer parts of the film contains
silicon nanoinclusions—in both parts, the value of n is
significantly greater than that for SiO2. Moreover, the n
value for the basic (inner) layer is also larger as com-
pared to the undoped film. These facts may be explained
if one assumes that the presence of Er and F impurities
causes more complete decomposition of suboxide film
and the formation of larger and more ordered silicon
nanoparticles (the latter was confirmed by Raman data
[10]). It seems quite natural that large enough na-Si inclu-
sions are not fully oxidized during long-term heat treat-
ment and some amount of size-reduced silicon particles
remains even in the near-surface region of the film.
1000 °C. During the first seconds of annealing when the
process of phase separation is prevailing, the structure of
the SiOx film is transformed similarly to the SiOx films
annealed at 1000 °C in inert atmosphere: the entire film
represents amorphous and crystalline (up to 4 nm in size)
silicon inclusions [34] in the inhomogeneous oxide matrix
consisting of the mixture of the SiOy (y < 2) and SiO2
(SiO4 tetrahedra bound into four-membered rings) phases
[29]. More complete phase separation should be expected
during this time in the SiOx < Er,F > film.
Further heat treatment at such a high temperature
should enhance the process of the Si–Si bond oxidation in
both the matrix and on the surface of the Si particles. In
fact, the structure of the matrix involves only SiO4 tetrahe-
dra interconnecting in four- and sixfold rings even in the
case of the undoped film (Fig. 2). The outer layer that is
free from silicon inclusions is much thicker when com-
pared with the film annealed at 750 °C (Fig. 3b, d). The
inner layer may be represented as SiO2 matrix with both
na-Si and nc-Si capsulated particles [10] in the case of the
SiOx < Er,F > film and na-Si particles only [10] in the caseof the SiOx film. The absence of nanocrystalline Si par-
ticles in the 1000 °C annealed SiOx films may be ex-
plained if one assumes that oxidative action of air leads
to structural transformations of silicon nanocrystals:
the process of oxidation reduces the size of nc-Si inclu-
sions and those of them with the size smaller than the
critical value of ~2 nm [35] became amorphous. The
concentration of the silicon crystalline phase formed in
the first seconds of the heat treatment and the size of
the silicon nanocrystals (≥7 nm [10]) are greater in the
doped film; thus, the oxidation-stimulated amorphiza-
tion of nc-Si proceeds more slowly (Fig. 3d).
Conclusions
The air-annealed SiOx and SiOx < Er,F > films have a two-
layer macrostructure similar to one of the Si/SiOx nano-
composites formed in vacuum or inert atmosphere and
subjected to additional annealing in an oxidizing atmos-
phere. The thermal treatment of non-stoichiometric SiOx
films produces the Si/SiOx nanocomposites with more
stoichiometric matrix at a lower temperature of the
process as compared with annealing in a vacuum or inert
atmosphere. Doping of SiOx films with Er and F produces
the nanocomposites with more perfect structure of both
the Si nanoparticles and the oxide matrix. This explains
the strong luminescence of erbium after heat treatment of
SiOx < Er,F > films at 750 °C [9].
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